Background/Aims: Postmenopausal osteoporosis is considered to be an autoimmune and inflammatory process, and IL-17 plays important roles in the loss of bone mass. Sclerostin (SOST) acts as a negative regulator of bone formation by inhibiting the Wnt signaling pathway. It also is a mediator of the crosstalk between the skeletal and immune systems. However, few studies have examined the role of SOST gene in the differentiation of T helper 17 (Th17) cells. Methods: Adipose-derived stem cells (ADSCs) were isolated and transfected with pcDNA3-SOST or shSOST, and then co-cultured with CD4 + T cells isolated from peripheral blood mononuclear cells. The differentiation, adipogenesis, and osteogenesis of Th17 and regulatory T (Treg) cells were examined by western blot, intracellular and intranuclear staining, ELISA, and real-time quantitative PCR in this co-culture model. Results: The SOST gene promoted the secretion of IL-6 and TGF-β in ADSCs. After co-culture of ADSCs with CD4 + T cells, the SOST gene increased the number of CD4 + IL-17 + cells and the levels of IL-17 and RORγ. However, the number of CD4 + CD25 + Foxp3 + cells was decreased, which was accompanied with a reduction of IL-10 and Foxp3 expression. In the meantime, the SOST gene inhibited the expression of COL1, OCN, and OPN, reduced the activity of alkaline phosphatase, and increased the expression of LPL and PPARγ. Furthermore, IL-17 promoted SOST gene-induced adipogenesis and increased the inhibition of osteogenesis. Conclusions: SOST promoted the differentiation of Th17 cells and reduced the differentiation of Treg cells, which exacerbated the SOST geneinduced inhibition of osteogenesis from ADSCs.
Introduction
Osteoporosis is defined as a systemic skeletal disease caused by an imbalance between bone formation and resorption, and is characterized by low bone mass and microarchitectural deterioration of bone tissue [1] . Adipose-derived stem cells (ADSCs) are an attractive source of cells for the regeneration of damaged tissues because of their capacity for self-renewal and differentiation into various cell lineages, such as adipogenic, osteogenic, myogenic, and chondrogenic lineages, and their use in the treatment of skeletal defects including osteoporosis has been investigated extensively [2, 3] . Specifically, mesenchymal stem cells (MSCs) have been shown to possess anti-inflammatory and immunomodulatory properties mainly due to their inhibitory effect on the proliferation of T cells [4] .
The close relationship between the skeletal and immune systems has been increasingly recognized [5] . Postmenopausal osteoporosis is now hypothetically considered to be an autoimmune and inflammatory process in which many pro-inflammatory and T cell-derived cytokines play important roles in the loss of bone mass [5] . Inflammation increases the production of tumor necrosis factor (TNF) or receptor activator of NF-kB ligand (RANKL) by activated T cells, which is linked to bone loss-associated diseases [6] . The Th17 cell effector phenotype is defined by the preferential secretion of interleukin (IL)-17A, along with other cytokines. T helper 17 (Th17) cells are pro-inflammatory and protect against extracellular pathogens [4] . IL-17 has been shown to be an important mediator of inflammatory arthritis and other diseases affecting bone. Th17 T cells have been suggested to be osteoclastogenic T cells that are induced by high levels of RANKL and IL-17 [7] . Serum IL-17A concentration was shown to be significantly higher in a postmenopausal osteoporosis group than in a normal postmenopausal group, and treatment with bisphosphonates reduced Th17 cell cytokine levels [8, 9] . These results indicated that activated Th17 cells induce the production of IL-17 and lead to bone resorption. MSCs exert broad immunomodulatory effects, and they are also an important resource for osteogenesis. Interestingly, Ghannam et al. showed that MSCs inhibited the differentiation and function of Th17 cells, and induced the differentiation of the regulatory T (Treg) cell phenotype [10] .
Sclerostin (SOST) acts as a negative regulator of bone formation through inhibition of the Wnt signaling pathway, which is of critical importance for the development and function of osteoblasts [11] . The downregulation of SOST gene is associated with increased osteogenesis and bone mass [12] . SOST inhibits the action of bone morphogenetic protein (BMP) signaling by binding to Wnt co-receptors or low-density lipoprotein receptors (LRP) 5 and 6 [13] . Compounds that inhibit SOST have been shown to stimulate bone formation and reduce bone resorption, with a robust increase in bone mineral density [14] . In our previous study, we found that SOST inhibited the osteogenic activity of ADSCs. Zfp467 binds to and regulates the expression of the SOST gene and promotes the binding of Sost to the Wnt co-receptors LRP5/6 [15] . SOST is a mediator of the crosstalk between the skeletal and immune systems [16] . However, there is little information on the relationship between SOST and Th17 cells in bone formation.
On the basis of the roles of SOST gene in the osteogenic activity of MSCs and regulation of immune activity, we investigated the effect of SOST gene on the differentiation and function of Th17 cells by co-culturing ADSCs with CD4 + T cells. In this study, we showed that SOST gene promoted the production of IL-6 and transforming growth factor (TGF)-β in ADSCs, which induced the differentiation and function of Th17 cells and reduced the differentiation of Treg cells.
Materials and Methods

Isolation and culture of ADSCs
Abdominal adipose tissues were obtained from 6-8-week-old female BALB/C mice following the Animal Research Guidelines of Shanghai Jiao Tong University School of Medicine. The investigation conformed to the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health of the United States of America and was approved by the Ethics Committee for the Use of Human or Animal Subjects of Shanghai Jiao Tong University. The lipoaspirate was incubated with collagenase type I solution (Worthington Biochemical, Lakewood, NJ) for 1 h at 37°C, filtered through 250-μm filters, and centrifuged. The stromal vascular fraction was resuspended in Dulbecco's modified Eagle's medium (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (HyClone), 100 U/mL penicillin, and 100 μg/mL streptomycin. ADSCs were cultured under a humidified atmosphere of 5% CO 2 at 37°C and showed the capacity to differentiate into adipocytes or osteogenic cells in the presence of induction factors as described previously [17] . For bone formation, the cells were induced with 0.1 µmol/L hexadecadrol, 50 µmol/L vitamin C, and 10 mmol/L phosphoglycerol. For adipogenesis, the cells were induced with 1 μmol/L hexadecadrol, 0.5 mmol/L IBMX, and 200 μmol/L indomethacin. For identification, ADSCs were stained with anti-CD29 and anti-CD44 antibodies (eBioscience, San Diego, CA) and tested by flow cytometry. Differentiation of ADSCs into adipocytes and osteoblasts was monitored by oil red O staining of lipid droplets and von Kossa staining of calcium deposits in the extracellular matrix, respectively.
Vector construction and transient transfection assay
The Sost gene was generated by PCR and cloned into the EcoR1 and BamH1 sites of the pCDNA3.1 vector (Promega, Madison, WI). Primer sequences were designed based on the published sequence of the Sost gene. ADSCs were cultured as described above, plated in 12-well plates, and grown to 60-80% confluence before transfection using Lipofectamine® 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Small interfering RNA vector construction
The SOST-short hairpin RNA (shRNA) vector was generated using the pGMLV-SC5 plasmid and verified by sequencing. For silencing of Sost, ADSCs were transfected with shRNA against the mouse Sost gene using Lipofectamine 2000 (Invitrogen). The expression of the SOST gene was analyzed by western blotting and real-time quantitative PCR (RT-qPCR).
Th17 and Treg differentiation and ADSC co-cultures
Female BALB/C mice (6-8 weeks old) were anesthetized and sacrificed. Peripheral blood was collected from the angular vein, using 4% sodium citrate as an anticoagulant. Peripheral blood mononuclear cells (PBMCs) were obtained by density gradient centrifugation over HISTOPAQUE-1083 (Sigma-Aldrich, St. Louis, MO), washed 3 times with RPMI-1640, and counted. CD4 + T cells were isolated using a CD4 + T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). CD4
+ T cells were stimulated with 2.5 μg/mL anti-CD3 and 1.5 μg/mL anti-CD28 antibodies (Abcam, Cambridge, UK), and subsequent cultured with 20 ng/mL IL-6 and 3 ng/mL TGF-β (PeproTech, Rocky Hill, NJ). CD4 + T cells (2.0 × 10 5 cells) were co-cultured with 2.0 × 10 6 ADSCs in the presence or absence of SOST or shSOST at days 1, 2, and 4 after CD4 + T cell stimulation.
Intracellular and intranuclear staining Intracellular staining of IL-17 in CD4
+ T cells was performed after 6 h of activation with 1 ng/mL PMA and 1 mg/mL ionomycin (Calbiochem, San Diego, CA) in the presence of brefeldin A (10 mg/mL; SigmaAldrich). The cells were then stained with an FITC-conjugated anti-CD4 monoclonal antibody (mAb) for 30 min at 4°C, washed with FACS buffer (2% fetal bovine serum, 0.1% sodium azide in phosphate-buffered saline), treated with Cytofix/Cytoperm for 20 min, and washed with Perm/Wash Buffer (BD Biosciences, San Jose, CA). The cells were subsequently stained with a PE-conjugated anti-mouse IL-17 mAb for 30 min at 4°C. Then, the cells were fixed at 4°C with 4% paraformaldehyde. The expression of CD25 and transcription factors was assessed using an FITC-conjugated mAb specific for CD25 and a PE-conjugated mAb specific for fork head box p3 (FOXP3), respectively. Sample data were acquired using a FACSCalibur flow cytometer (BD Biosciences).
Quantification of cytokines
The culture supernatants were collected, and the production of IL-6, TGF-β, IL-10, and IL-17 was analyzed using enzyme-linked immunosorbent assay (ELISA) kits (eBioscience, San Diego, CA).
Western blotting
Cell lysates for immunoblotting were prepared in a lysate buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% Na-deoxycholate, 1 mM EDTA, 0.1% SDS, protease inhibitors (Roche Molecular Biochemicals, Mannheim, Germany), 1 mM Na 3 VO 4 , and 1 mM NaF. Protein (20 µg) was separated on a 8-12% NuPAGE® Novex®Bis-Tris gel system (Invitrogen). The membrane was blocked and probed with anti-SOST or anti-GAPDH antibodies (Abcam) and incubated with a peroxidase-conjugated secondary antibody. Bands were visualized by detection with the ECL system (Amersham, Piscataway, NJ).
RT-qPCR
Total RNA was isolated using the TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RT-qPCR was performed using an ABI StepOne™ Real-Time PCR machine with Fast SYBR® Green Master Mix (Applied Biosystems, Foster City, CA). The primers used are listed in Table 1 .
Alkaline phosphatase activity analysis
Alkaline phosphatase (ALP) activity was determined following incubation with 1 mg/mL P-nitrophenyl phosphate in 50 mM NaHCO 3 and 1 mM MgCl 2 buffer (pH 9.6) at 37°C for 20 min. Activity was stopped by the addition of 3 M NaOH. Reaction absorbance was measured at 405 nm using a FLUO star Omega plate reader, and ALP activity was corrected for cell viability.
Statistical analysis
All experiments were repeated a minimum of 3 times. Data are reported as the mean ± standard deviation (SD). Comparisons between groups were made using Student's t test with p < 0.05 considered statistically significant.
Results
Characterization of ADSCs and SOST gene transfection
Mouse ADSCs were isolated and identified by CD29 and CD44 staining. After purification, CD29 and CD44 were expressed in greater than 99% of mouse ADSCs. The plasmid pcDNA-SOST and shSOST were transfected into mouse ADSCs, and the protein level of SOST was detected by western blot analysis. As shown in Fig. 1A , pcDNA3-SOST transfection significantly increased the level of SOST protein. However, shSOST transfection remarkably reduced the level of SOST protein (Fig. 1B) .
SOST increases the expression and secretion of IL-6 and TGF-β in ADSCs
To observe the effect of SOST on the expression of IL-6 and TGF-β, pcDNA-SOST or shSOST was transfected into mouse ADSCs. qPCR analysis indicated that SOST gene overexpression increased the expression of IL-6 and TGF-β mRNA ( Fig. 2A, 2B ), while SOST inhibition significantly reduced their expression. In addition, the secretion of IL-6 and TGF-β was also detected by ELISA, which generated similar results to those of RT-qPCR (Fig. 2C,  2D) .
SOST increases the differentiation of Th17 cells with co-culture of ADSCs and CD4
+ T cells On the basis of the above results, we examined the effect of ADSCs on the differentiation of Th17 cells from CD4 + T cells. Mouse ADSCs were transfected with pcDNA3-SOST or shSOST and then co-cultured with CD4 + T cells. The co-expression of CD4 and IL-17 was tested by intracellular cytokine staining in CD4 + T cells. As shown in Fig. 3A and 3B, SOST gene overexpression in ADSCs increased the differentiation of CD4 +
IL17
+ T cells; however, SOST gene knockdown significantly reduced the differentiation of CD4
+ T cells. To further observe Th17 cell differentiation induced by SOST gene, the cell supernatants were collected and the level of IL-17 was tested by ELISA. Compared with the control group, SOST promoted the secretion of IL-17 from CD4 + T cells; in contrast, inhibition of SOST gene expression reduced IL-17 secretion (Fig. 3C ). In addition, CD4
+ T cells were collected after co-culture and the expression of IL-17 and retinoid-related orphan receptor gamma (RORγ) mRNA was 
detected by RT-qPCR. Similar to the above results, SOST increased the expression of IL-17 and RORγ mRNA in CD4 + T cells, while inhibition of SOST reduced their expression (Fig. 3D,  E) . Fig. 4C) . In addition, CD4
SOST reduces the differentiation of
+ T cells were collected after co-culture and the expression of IL-10 and Foxp3 mRNA was detected by qPCR. SOST reduced the expression of IL-10 and Foxp3 mRNA in CD4 + T cells, while inhibition of SOST promoted their expression (Fig. 4D, E) .
SOST reduces osteogenesis with co-culture of ADSCs and CD4 + T cells
The results shown above indicated that SOST gene over-expression in ADSCs may promote the differentiation of Th17 cells. Therefore, we also examined the role of Th17 cells in bone formation. After co-culture of ADSCs and CD4 + T cells, ADSCs were collected and the expression of collagen, osteocalcin (OCN), and osteopontin (OPN) was detected by RT-qPCR. As shown in Fig. 5A , 5B, and 5C, co-culture of SOST-transfected ADSCs and PBMCs reduced the expression of collagen, OCN, and OPN in ADSCs, while co-culture of shSOST-transfected ADSCs and CD4 + T cells increased their expression. The ALP activity of ADSCs also tested and showed similar trends with the above results (Fig. 5D) .
SOST promotes adipogenic differentiation with co-culture of ADSCs and CD4
+ T cells Furthermore, the adipogenic differentiation activity of ADSCs was detected after co-culture with CD4 + T cells. The expression of lipoprotein lipase (LPL) and peroxisome proliferator-activated receptor gamma (PPARγ) was investigated by RT-qPCR. Co-culture of SOST-transfected ADSCs and CD4 + T cells increased the expression of LPL and PPARγ mRNA in ADSCs, while SOST gene knockdown in ADSCs reduced their expression after co-culture with CD4
+ T cells (Fig. 6A, B) . 
IL-17 promotes the SOST-induced reduction of osteogenesis in ADSCs
The above results showed that SOST promoted the expression and secretion of IL-17, which is an important cytokine for Th17 function. In this study, we further investigated the role of IL-17 on osteoblast differentiation in ADSCs. ADSCs transfected with SOST or shSOST and then treated with IL-17. As shown in Fig. 7A, 7B , and 7C, similar with the effect of SOST, IL-17 treatment reduced the expression of collagen, OCN, and OPN. SOST gene transfection inhibited the IL-17-induced reduction of osteoblast differentiation. However, SOST gene knockdown with shSOST recovered the reduction of osteoblast differentiation induced by IL-17 treatment. In addition, we also found that CD4 + T cells or IL-17 treatment increased the expression of SOST gene in ADSCs (Fig. 7D) .
IL-17 promotes SOST-induced adipogenic differentiation in ADSCs
Genes related to adipogenic differentiation were tested by qPCR in ADSCs after treatment with IL-17. SOST increased the expression of LPL and PPARγ mRNA. IL-17 treatment also increased the expression of LPL and PPARγ mRNA in ADSCs. SOST gene over-expression promoted IL-17-induced adipogenic differentiation. In contrast, SOST inhibition reduced IL-17-induced adipogenic differentiation (Fig. 8A, B) .
Discussion
MSCs from various sources constitute the basis for tissue engineering, and these cells can be differentiated into osteoblasts, adipocytes, and chondrocytes. The multipotency of ADSCs makes them a valuable and high yield source for cell-based therapeutic applications. Under specific conditions, ADSCs differentiate into an osteoblast lineage [18] . In addition, MSCs also exert broad immunomodulatory effects by their interactions with other cells. Accumulated data have demonstrated the quantitative or functional imbalance between Th17 and Treg cells in bone-related diseases, suggesting that Th17 and Treg cells are involved OCN (B) , and OPN (C) mRNA was analyzed by RT-qPCR. ALP activity was tested using a kit (D). Data are representative of 3 independent experiments and are expressed as the mean ± SD. *p<0.05 vs. control group; **p<0.01 vs. control group. Cell
in these diseases [19] . Under inflammatory conditions, MSCs mediate the adhesion of Th17 cells via CCR6 and exert anti-inflammatory effects through the induction of a Treg phenotype in these cells [10] . SOST is an inhibitor of bone formation that induces the over-expression of the BMP inhibitor MAB21L2 in MSCs, which has been identified as a factor associated with defects in regeneration [20] . However, the role of SOST in the differentiation and function of Th17 cells has not been characterized in detail, which led us to conduct the present study. Th17 cells differentiate from naïve T cells in the presence of TGF-β and IL-6 in mice, or with TGF-β plus inflammatory stimuli in humans. Th17 cells are characterized by the production of proinflammatory cytokines, including IL-17A, IL-17F, IL-21, and IL-22 [21] . IL-17, the most important effector cytokine, is involved in promoting the expression of many proinflammatory cytokines, chemokines, and mediators that contribute to inflammation. RORγt is expressed specifically in Th17 cells and is required for their differentiation. RORγt expression is induced by the combination of IL-6 and TGF-β through the Stat3 signaling pathway [19, 22] . In the current study, SOST over-expression induced the expression and secretion of IL-6 and TGF-β in mouse ADSCs. These results suggested that SOST gene overexpression in ADSCs promotes the expression of cytokines related to Th17 differentiation. MSC-mediated immunomodulatory effects on T cells are known to involve cellular interactions. Inflammatory cytokines enhance CD54 expression in MSCs and result in the adherence of Th17 cells to MSCs under inflammatory conditions [10] . ADSCs can also polarize infiltrating T cells toward the pathogenic Th17 cell phenotype [23] . Serum IL-17A concentration was shown to be significantly higher in a postmenopausal osteoporosis group than in a normal postmenopausal group. These findings lead us to presume that SOST promotes the adhesion of ADSCs to T cells and induces the differentiation of Th17 cells. For this purpose, mouse CD4 + T cells were isolated and co-cultured with ADSCs. We found that SOST gene over-expression in ADSCs promoted the differentiation of CD4 +
IL17
+ T cells, enhanced the production of IL- 17 in PBMCs, and increased the expression of the Th17-specific transcription factor RORγ, as well as the expression of the Th17 signature cytokine IL-17. Th17 cell differentiation and function are closely related to the development and function of Treg cells. Most evidence has indicated that the imbalance of Th17 and Treg cells plays a key role in the pathogenesis of inflammatory bone diseases [24] . Treg cell development is driven by the release of suppressor cytokines such as IL-10 and TGF-β [25] . TGF-β promotes Treg cell development by inducing the expression of the transcription factor Foxp3, which plays a critical role in controlling the development and functions of these cells [26] . Zhou et al. showed that Foxp3 initially inhibits Th17 differentiation by physically binding to RORγt [27] . In our ADSC-CD4 + T cell co-culture model, SOST inhibited the differentiation of CD4
+ Treg cells, decreased the production of IL-10, and reduced the expression of IL-10 and Foxp3. These data indicated that SOST gene over-expression in ADSCs promoted the differentiation of Th17 cells and reduced the differentiation of Treg cells. This may be an important factor for the development of inflammatory bone diseases.
MSCs can be differentiated either into adipocytes or osteoblasts using different factors, and the balance between these two lineages is important for bone health. Bone loss can be due to the increased bone resorption caused by osteoclasts. With aging, the composition of bone marrow shifts to favor the presence of adipocytes, osteoclast activity increases, and osteoblast function declines, resulting in osteoporosis [28] . Marrow adipocytes exert a paracrine inhibitory effect on osteoblast differentiation from mouse bone-marrow derived MSCs (BMSCs) by blocking BMP signaling [29] . ADSCs from obese subjects contribute to inflammation and reduce the insulin response in adipocytes by activating Th17 cells [30] . In the present study, we found that ADSCs promoted the differentiation of Th17 cells, which induced the production of proinflammatory factors. We examined the role of SOST in adipogenesis and osteogenesis with Th17 cell activation. After co-culture of ADSCs and CD4+ T cells, SOST reduced the expression of bone formation-related genes, such as collagen, OCN, and OPN, and decreased the activity of ALP; however, it promoted the expression of adipogenesis-related genes, such as LPL and PPARγ. These findings indicated that SOST inhibited bone formation and promoted adipogenesis in ADSCs. IL-17 induces inflammation through the recruitment and activation of immune cells, leading to the release of proinflammatory molecules, such as IL-1 and TNFα, which increase RANKL expression and synergize with RANKL signaling to maximize osteoclast formation [7, 31] . However, Croes et al. showed that IL-17A and IL-17F exhibit strong osteogenic effects when exposed directly to MSCs [32] . Similar to previous studies [12, 33] , we found that SOST reduced the expression of collagen, OCN, and OPN, which was accompanied with the increased expression of LPL and PPARγ. However, IL-17 promoted the SOST-induced reduction of osteogenesis and increased adipogenesis in ADSCs. Inhibition of SOST gene expression blocked these effects. These results demonstrated that SOST inhibits osteogenesis by the interaction of ADSCs and Th17 cells. Interestingly, IL-17 treatment also promoted adipogenesis and reduced osteogenesis. In contrast, Ahmed and Gaffen showed that IL-17 inhibits adipogenesis by suppressing the expression of several pro-adipogenic transcription factors in 3T3-L1 cells [34] . It is possible that different cell types respond to IL-17 in different manners. In previous studies, IL-17 was shown to inhibit adipogenesis in an adipogenic cell line and MSCs. In the present study, we used ADSCs as these have been reported to have a better adipocyte differentiation capability then BMSCs [35] . In addition, Winkler et al. showed that SOST was expressed at a high level in differentiated human MSCs; however, undifferentiated human MSCs and adipocytes in adipose tissue express negligible levels of SOST [36] . SOST upregulates adipocyte differentiation in 3T3-L1 cells [33] , and in our study, IL-17 treatment increased the expression of the SOST gene. According to these results, we postulate that IL-17 promotes SOST gene expression in differentiated ADSC, which increases adipogenesis. However, more studies should be conducted in the future to confirm this hypothesis.
In this study, SOST gene over-expression in ADSCs induced Th17 cell differentiation and inhibited the Treg cell phenotype, which reduced osteogenesis and increased adipogenesis from ADSCs. The IL-17 proinflammatory cytokine secreted by Th17 cells aggravated
